High-resolution physical maps of the genomes of three Rhodobacter capsulatus strains, derived from ordered cosmid libraries, were aligned. 
numerous large and small translocations in this 1.2-Mb chromosomal region of the three Rhodobacter strains. In addition, the chromosomes ofthe three strains, whose fine-structure maps can now be compared over 2.2 Mb, are seen to contain regions of 15-80 kb in which restriction sites are highly polymorphic, interspersed among regions in which the positions of restriction sites are highly conserved.
The bacterial genome is a substrate for continuous recombination processes. Reshuffling gene order by rearrangements within a genome and acquisition of DNA from other organisms contribute to genome plasticity. Different, mostly undefined factors work in the opposite direction to maintain genome stability. The balance of these two processes may be different for different groups of microorganisms. The extremely conserved gene order among Enterobacteriacea (1) has influenced views of this subject for decades. One explanation offered for this conservation is the need for balanced expres- sion, which depends on gene dosage and therefore the distance of each operon from the origin of replication (2, 3) . Sequence comparisons of genes cloned from different strains of Escherichia coli reveal some small-scale genome rearrangements, but most differences can be explained by independent point mutations (4) . Multilocus electrophoresis of enzymes produced a clonal picture of the world population of E. coli (5) , leading to an underestimate of the role of recombination in bacterial evolution.
A comparison of genes coding for cytochrome c and components of light-harvesting complex I (6) for 15 different species of photosynthetic bacteria revealed significant differences in the evolutionary trees for these genes and for 16S rRNA. These and other observations have been explained by the phenomenon of horizontal gene transfer (7, 8) , meaning gene acquisition from an evolutionarily distant organism.
Other, more likely recombinational exchanges of gene blocks among closely related strains can produce a broadly mosaic structure of the bacterial genome. In this case, many genome segments can have different evolutionary histories. This type of genome organization has been described for lambdoid phages (9) and for E. coli (10) . Finally, sequence comparison of four E. coli genes distributed over a 100-kb region revealed a strong impact of recombination on the generation of genome diversity (11) . The lack of similarity between genetic maps for different genera 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (20) . Strain KB1 was excluded from further study because its high-resolution restriction map turned out to be identical to the type strain SB1003 for at least 100 kb. Chromosomal DNA of the remaining strains had been cloned into cosmid vector Lorist 6 earlier (20) . Individual cosmid clones representing each strain were replicated onto nylon filters as two sets of 864 clones each.
To order these clones, they were hybridized with 50 primary probes representing the ends of the cosmid inserts covering the 1.2-Mb 2F11-2B12 segment of the physical map of R. capsulatus SB1003 (21) (Fig. 1) . To reduce the number of hybridizations, probes were selected to be spaced about 20-30 kb apart in strain SB1003. The results of typical hybridizations were shown previously (20) . The sequence of cosmids revealed by such linkage should reconstruct the relative positions of their inserts in the genomes of the strains analyzed. An uninterrupted set of closely spaced primary probes should produce an uninterrupted set of cosmids. However, the 50 probes used produced four contigs for the 2.3.1 strain and seven contigs for the St. Louis strain. The loss of continuity could be due to statistical underrepresentation of the particular genome regions in the libraries or could be related to genome rearrangements. Both of these explanations were supported by further study.
High-Resolution Mapping of Contigs. Cosmid grouping into contigs revealed a limited number of potential genomechanging events. To achieve high-resolution comparison of the three genomes, further detailed mapping of linked cosmids and their merger into an integrated map had to be carried out. Such mapping also facilitates the choice of hybridization probes for subsequent linkage of primary contigs. EcoRV restriction maps of overlapping cosmids were constructed using A terminase and partial digestion as described (20) . Restriction maps of about 160 overlapping cosmids were fused into 11 contigs for both strains. Assembled cosmids were linked by common hybridization probes and common EcoRV restriction fragments. Some of the overlapping cosmids linked by hybridization lacked common restriction sites, which introduced small local uncertainties to the contig maps.
Hybridization Linkage of Contigs into Uninterrupted Cosmid Sequences and the Construction of Chromosomal Maps. The ends of the cosmid inserts corresponding to the ends of the assembled subcontigs were used to generate secondary probes in a cosmid walking procedure aimed at linking all cosmids into continuous structures for each strain. Additional probes were chosen to confirm some of the cosmid overlaps already detected, where no common EcoRV fragments were found. These SP6 or T7 RNA polymerase-generated probes were hybridized with cosmid grids of the 2.3.1 or St. Louis gene libraries together with the ordered cosmids of the SB1003 strain. Forty such probes were generated using cosmids from the 2.3.1 library and 35 from the St. Louis library (Fig. 1) . As expected, in most cases cosmids identified by two adjacent primary probes but not linked by them were linked in the second cycle of hybridization. In most cases, linkage was also confirmed by direct end-to-end hybridization. In a few other cases, new cosmids found in the second cycle of hybridization provided the necessary linkage. However, what was not expected is that 11 of 40 probes for the 2.3.1 strain and 7 of 30 for the St. Louis strain hybridized with cosmids from the ordered set of SB1003 that were not located between the probes used for primary hybridizations (Fig. 1) (Fig. 1) . Integration of the restriction maps of the Rhodobacter strains into a final scheme was based on alignment of the positions of the primary and secondary hybridization probes and the positions of the "positive" cosmids with respect to the restriction maps of the individual strains (Fig. 1) . In all, 50 primary probes derived from the SB1003 cosmid set and 70 probes derived from the St. Louis and 2.3.1 cosmid libraries were used in such integration. The aligned maps of the three strains were consistent and colinear for most of the genome region studied. Seven 10-to 30-kb deletions/insertions have to be proposed to explain shifts in the alignments. These proposed deletions/insertions and three translocations were confirmed by the results of high-resolution restriction mapping. It was possible to map all rearrangements but one (in the 2C4 region of SB1003) with the accuracy of a single EcoRV restriction fragment.
The probability of accidental similarity for a stretch of three fragments whose lengths are measured with 5% accuracy is <10-3 for the whole E. coli genome (22 Fig. 1 . The remainder of the map was reported in ref. 20. used in the construction of the ordered A library ofE. coli (23) . In the comparison of the Rhodobacter strains the same criterion can be used, because in each pair of strains <25% of the restriction sites were found to be polymorphic and this polymorphism was strongly clustered. Since the size of each region analyzed was reduced from the whole genome to that of a cross-hybridizing cosmid, we could assume that fragments of similar sizes are identical. If, in an area where rearrangement is proposed, stretches of restriction fragments identical for two or three strains surround a fragment (or fragments) that differs, the differences are attributed to a particular rearrangement and its exact size is established. The results of this analysis are incorporated in the final scheme in Fig. 1 . The rearrangements observed are summarized in Fig. 2 and in the Discussion.
To confirm the rearrangements, cosmids from the St. Louis and 2.3.1 sets that supposedly fuse genome areas separated in the SB1003 chromosome were used to generate probes for blot hybridization. Cosmids 6D2, 6C12, 3D10, 2F3, SF12, and 3D5 from the St. Louis library and 2F8 and 2E8 from the 2.3.1 library were labeled using riboprobes or random priming and hybridized with restriction digests of cosmid DNA. Overlapping cosmids from the same strain and cross-hybridizing cosmids from the SB1003 miniset were digested with EcoRV and fractionated by electrophoresis (data not shown). The fragments revealed by these probes are in agreement with the alignment shown in Fig. 1 .
DISCUSSION
Restriction maps of a 1.2-Mb genome region of three R. capsulatus strains-SB1003, 2.3.1, and St. Louis-were aligned. The maps were assembled from 70-80 individual cosmid maps linked by hybridization and overlapping restriction patterns. Integration of the maps of the individual strains into a general scheme was facilitated by using 120 probes generated from the ends of the cosmid inserts from the three Rhodobacter strains. Such alignment was furthered by comparison of the three EcoRV restriction maps. The positions of 65 restriction sites out of a total of 146-157 sites mapped for each strain were conserved for all three strains. Nearly twice as many sites were conserved when any two strains were compared. These proportions differ from the results of our earlier study that was limited to a 1-Mb genome region (20) .
In that work, 'the pair St. Louis-2.3.1 appeared to be more similar to each other than to the SB1003 strain. For each strain, sites with unique positions comprised <35% of all mapped sites. The most important feature, however, is not the numbers, but the distribution of the unique sites. From 6 to 13 regions (for each strain), varying in length from 15 to 80 kb and totaling about 15% of the genome region studied, harbor almost all such unique restriction sites (Fig. 2 ). These polymorphic (or strain-specific) sites are grouped in stretches of 3-10 sites. This clustered polymorphism of the restriction map of the Rhodobacter genome reveals the presence of mosaic elements. The borders of these mosaic elements can be defined only with some uncertainty, so the degree of polymorphism can be calculated only approximately. Still, this degree is around 80-100% for the highly polymorphic areas compared to 5-20% of site polymorphism along the rest of the map.
Comparison of the observed distribution of polymorphic sites with a pattern based on a random distribution model shows that the observed clustering is definitely nonrandom (data not shown).
Eighteen secondary probes (out of 70) hybridized with unexpected regions of the SB1003 cosmid set. In five cases, these probes helped to map long-range rearrangements (translocations) (Fig. 1) . However, in all other cases no interrupted or significant shifts of the map were observed. These cases can be explained by small translocations of SB1003 DNA, such as the movement of transposable elements. Almost all these small translocations were mapped near one of the borders of a polymorphic area, which may provide an important clue to the origin of the polymorphisms.
